Mutations in GBA1, the gene encoding glucocerebrosidase, are associated with an enhanced risk of developing synucleinopathies such as Parkinson's disease (PD) and dementia with Lewy bodies. A higher prevalence and increased severity of motor and nonmotor symptoms is observed in PD patients harboring mutant GBA1 alleles, suggesting a link between the gene or gene product and disease development. Interestingly, PD patients without mutations in GBA1 also exhibit lower levels of glucocerebrosidase activity in the central nervous system (CNS), implicating this lysosomal enzyme in disease pathogenesis. Here, we investigated whether modulation of glucocerebrosidase activity in murine models of synucleinopathy (expressing wild type Gba1) affected asynuclein accumulation and behavioral phenotypes. Partial inhibition of glucocerebrosidase activity in PrP-A53T-SNCA mice using the covalent inhibitor conduritol-B-epoxide induced a profound increase in soluble a-synuclein in the CNS and exacerbated cognitive and motor deficits. Conversely, augmenting glucocerebrosidase activity in the Thy1-SNCA mouse model of PD delayed the progression of synucleinopathy. Adeno-associated virus-mediated expression of glucocerebrosidase in the Thy1-SNCA mouse striatum led to decrease in the levels of the proteinase K-resistant fraction of a-synuclein, amelioration of behavioral aberrations and protection from loss of striatal dopaminergic markers. These data indicate that increasing glucocerebrosidase activity can influence a-synuclein homeostasis, thereby reducing the progression of synucleinopathies. This study provides robust in vivo evidence that augmentation of CNS glucocerebrosidase activity is a potential therapeutic strategy for PD, regardless of the mutation status of GBA1.
Introduction
Parkinson's disease (PD) and dementia with Lewy bodies (DLB) are neurodegenerative diseases characterized by clinical features of Parkinsonism and cognitive impairment. They are typically associated with the pathological development of neuronal a-synuclein-positive Lewy bodies and Lewy neurites (1) . Recently, a strong association was demonstrated between mutations in the GBA1 gene (OMIM 606463), which encodes the lysosomal enzyme glucocerebrosidase, and the development of these synucleinopathies. Pathogenetic mutations in both alleles of GBA1 cause the lysosomal storage disorder Gaucher disease.
Carriers of a single mutant GBA1 allele are unaffected by Gaucher disease. However, heterozygous mutations in GBA1 have been associated with a significantly heightened risk of developing synucleinopathies (2) (3) (4) (5) . While the general clinical and pathological phenotypes of PD patients with GBA1 mutations are largely indistinguishable from those of individuals with sporadic PD, genetic variation in GBA1 has emerged as a significant feature impacting the natural history of PD (6) . Patients who harbor GBA1 mutations present with a higher prevalence and severity of motor and non-motor symptoms (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) .
The role of GBA1 mutations in the pathogenesis of synucleinopathies is not fully understood, but experimental data suggest that there may be a direct relationship between the level of glucocerebrosidase activity and a-synuclein proteostasis (16) . Both loss-offunction and toxic gain-of-function mutations in GBA1 have been proposed as possible contributing factors (16) . The significance of glucocerebrosidase activity is underscored by the fact that GBA1 null mutations in humans (e.g. 84GG) are associated with a higher risk of developing PD (2, 17) . In addition, carriers of severe GBA1 mutations (i.e. IVS 2 þ 1, 84GG, D409H) exhibit a substantially decreased age of onset of PD compared with carriers with milder mutations associated higher residual enzyme activity (i.e. N370S) (17) . Patients with homozygous or compound heterozygous mutations in GBA1 have the earliest age of onset (17) . The gene dosage effect of GBA1 on the onset and age-specific risk of developing PD has now been confirmed by several independent laboratories (18) (19) (20) (21) (22) (23) .
Additional evidence for a role of glucocerebrosidase in a-synuclein homeostasis has also been generated in animal studies. Several independent groups have reported increased accumulation of a-synuclein in the brains of mouse models of Gaucher disease with different pathogenetic Gba1 mutations (24) (25) (26) (27) (28) (29) . Importantly, studies have shown that increasing glucocerebrosidase levels in the central nervous system (CNS) of these animals reduce the extent of a-synuclein-mediated pathology. Expression of WT glucocerebrosidase reduced the accumulation of a-synuclein in the hippocampi of mouse models of Gaucher disease and synucleinopathy (26, 30) .
Hence, although the precise mechanistic basis of GBA1-mediated PD remains unknown, evidence suggests that glucocerebrosidase haploinsufficiency, as a result of GBA1 mutations, can interfere with a-synuclein processing and contribute to the pathological accumulation of the protein (16) . This study supports this premise by demonstrating that a partial reduction in CNS glucocerebrosidase activity in PrP-A53T-SNCA mice led to accumulation of undergraded lipids, misprocessing of a-synuclein and neuronal transcriptional dysregulation. Importantly, these aberrations were associated with exacerbation of motor and cognitive phenotypes. In contrast, augmenting glucocerebrosidase activity within the striatum of the Thy1-SNCA mice reduced a-synuclein pathology and, most notably, ameliorated behavioral deficits and protected against the loss of dopaminergic terminals. Together, the results demonstrated that modulation of glucocerebrosidase activity in the CNS of two murine models of PD, independent of the mutation status of Gba1, could affect a-synuclein homeostasis and, in turn, PD progression.
Results

Pharmacological inhibition of glucocerebrosidase activity promotes the accumulation of lipids and a-synuclein in the brain
PrP-A53T-SNCA transgenic mice express mutant human A53T asynuclein under the murine PrP promoter and harbor wild-type Gba1 alleles (31) . Cortical lysates of PrP-A53T-SNCA mice have decreased glucocerebrosidase activity (30) , similar to that observed in the brains of sporadic PD patients expressing WT GBA1 alleles (32, 33) . Here, we replicated these findings in the brains of PrP-A53T-SNCA mice, as illustrated by the modest but significant reduction in glucocerebrosidase activity compared to WT controls ( Fig. 1A; WT saline: 16.7 6 0.5 ng/h/mg of protein, PrP-A53T-SNCA saline: 15.3 6 0.3 ng/h/mg of protein; p < 0.05).
To determine if a chemically induced reduction in glucocerebrosidase activity in the CNS of mice that do not harbor mutations in Gba1 impacted their pathological and behavioral features, young adult WT and PrP-A53T-SNCA mice were treated with conduritol-B-epoxide (CBE, 100 mg/kg, ip, 10 weeks). This irreversible inhibitor was administered three times per week to promote a partial blockade of the glucocerebrosidase activity as noted in patients carrying GBA1 heterozygous mutations (32) . Pharmacological inhibition with CBE decreased the brain glucocerebrosidase activity to $20% of that of the WT controls ( Fig. 1A; WT CBE: 3.5 6 0.5 ng/h/mg of protein, p < 0.05 versus WT saline; PrP-A53T-SNCA CBE: 3.6 6 0.3 ng/h/mg of protein, p < 0.05 versus PrP-A53T-SNCA saline). On the other hand, CBEtreatment did not alter the activity of the lysosomal hydrolase hexosaminidase, demonstrating the specificity of the glucocerebrosidase pharmacological inhibitor (Fig. 1B) . The brain levels of the glucocerebrosidase's substrates, glucosylceramide and glucosylsphingosine, were dramatically increased, confirming the efficacy of the pharmacological inhibitor in the CNS ( Fig. 1C and D; GlcCer: WT CBE 1.6-fold increase versus WT saline; PrP-A53T-SNCA CBE: 1.3-fold increase versus PrP-A53T-SNCA saline; GlcSph: WT CBE 7.8-fold increase versus WT saline; PrP-A53T-SNCA CBE: 6.5-fold increase versus PrP-A53T-SNCA saline).
We next evaluated whether decreasing the glucocerebrosidase activity promoted the accumulation of mutant human a-synuclein in the brains of transgenic mice. Cortical tissue homogenates of PrP-A53T-SNCA mice were subjected to serial fractionation to separate the cytosolic-soluble, membraneassociated, and insoluble forms of a-synuclein (30) . The levels of cytosolic soluble a-synuclein were significantly increased by CBE treatment as quantified by ELISA ( Fig. 1E ; PrP-A53T-SNCA saline: 3.8 6 0.2 ng/mg of protein, PrP-A53T-SNCA CBE: 5.8 6 0.4 ng/mg of protein, p < 0.01). In contrast, the levels of membrane-associated a-synuclein and the insoluble fraction remained unchanged by 10 weeks of CBE treatment (Fig. 1E) . Importantly, the rise in asynuclein protein level was not because of increased SNCA transcription, as its mRNA levels remained unchanged (SNCA mRNA: PrP-A53T-SNCA CBE 1.07 6 0.05 versus PrP-A53T-SNCA saline, p ¼ 0.42). These data indicated that a reduction in glucocerebrosidase activity (independent of mutations in GBA1) could modulate a-synuclein processing and suggested that normal levels of glucocerebrosidase activity are required to maintain a steady-state level of a-synuclein in vivo. This finding is consistent with previous data demonstrating that increasing glucocerebrosidase activity in PrP-A53T-SNCA mice reduced soluble cytosolic a-synuclein levels but did not affect the membrane-associated a-synuclein or the insoluble fractions (30) .
Pharmacological inhibition of glucocerebrosidase activity negatively affects motor skills and cognitive function
To determine if a reduction in glucocerebrosidase activity (that is independent of mutations in Gba1) in the CNS of mice impacted their behavioral features, young adult WT and PrP-A53T-SNCA mice were treated with CBE (100 mg/kg, ip, 10 weeks) or saline. Motor ability was determined by examining the fine motor skills (i.e. pole test and nest-building test) and gross motor function (i.e. rotarod and ambulatory competence) of the mice after 8 and 9 weeks of CBE treatment, respectively. Gross visual inspection failed to detect any overt motor dysfunction such as ataxia, tremor or paralysis during the study period.
The motor abilities of WT and PrP-A53T-SNCA mice were initially evaluated at 8 weeks post-injection with CBE or saline using the pole test. Inhibition of glucocerebrosidase did not affect the performance of WT mice in the pole test. In contrast, PrP-A53T-SNCA mice showed a significant increase in the time required to turn from the upward position and initiate the descent ( Fig. 2A ; PrP-A53T-SNCA saline: 10 6 4 s, PrP-A53T-SNCA CBE: 36 6 9 s; p < 0.05) as well as the time required to descend the pole after turning ( Fig. 2B ; PrP-A53T-SNCA saline: 28 6 5 s, PrP-A53T-SNCA CBE: 45 6 7 s; p < 0.05). These results indicated that partial inhibition of glucocerebrosidase activity in PrP-A53T-SNCA mice affected their motor function. Figure 1 . CBE-mediated partial inhibition of glucocerebrosidase activity promotes increased accumulation of glucosylceramide, glucosylsphingosine and a-synuclein in the CNS. Two-month-old WT (white bars, n ¼ 10 per group) and PrP-A53T-SNCA (red bars, n ¼ 12 per group) mice were injected with saline (solid columns) or the glucocerebrosidase inhibitor CBE (100 mg/kg, ip, three times per week, hatched columns). (A) Brains from PrP-A53T-SNCA mice showed a small but significant reduction in glucocerebrosidase activity when compared with WT mice, as previously described (26) . This activity was significantly reduced by CBE treatment in both WT and PrP-A53T-SNCA animals, confirming the ability of the inhibitor to achieve widespread brain distribution. Reducing glucocerebrosidase activity in the CNS of A53T-a-synuclein mice exacerbates motor and cognitive deficiencies. Two-month-old WT (white bars, n ¼ 10 per group) and PrP-A53T-SNCA (red bars, n ¼ 12 per group) mice were injected three times per week with saline (solid bars) or 100 mg/kg CBE (hatched bars) for 10 weeks. Fine motor skills were assessed using the pole (A, B), nest-building (C, D), and hindlimb splay (E) tests. Treatment of WT mice with CBE had no effect on the results of any of these behavioral assessments when compared with the saline-treated controls. Saline-treated PrP-A53T-SNCA mice showed a mild deficit in nestbuilding scores compared to WT mice (C). This finding is corroborated by the finding that the control PrP-A53T-SNCA animals had a greater amount of unused nestlet material (D, solid red bar). Glucocerebrosidase inhibition caused a marked deterioration in fine motor skills after 8 weeks of treatment with CBE. CBE-treated PrP-A53T-The effects of CBE on motor skills were also evaluated after 8 weeks of treatment using the nest-building test, which assesses fine motor dexterity while imposing minimal stress on the mice. For this test, the animals were provided with 3 g of nesting squares (nestlet), and their nest scores as well as the amount of unused material were assessed after 16 h (34). CBE treatment had no effect on WT animals' ability to make nests ( Fig. 2C and D) . PrP-A53T-SNCA mice injected with saline solution showed a slight reduction in their nest-building score, as previously reported (35) . Inhibition of glucocerebrosidase in PrP-A53T-SNCA mice significantly decreased their nest-building scores ( Fig. 2C ; PrP-A53T-SNCA saline score: 3.9 6 0.3, PrP-A53T-SNCA CBE score: 1.3 6 0.2; p < 0.05). The deficiency in nest-building observed among PrP-A53T-SNCA mice and its exacerbation by CBE treatment was confirmed by quantifying the amount of unused nestlet material ( Fig. 2D ; PrP-A53T-SNCA saline: 0.9 6 0.4 g, PrP-A53T-SNCA CBE: 2.7 6 0.2 g; p < 0.05). Hind-limb splay, a qualitative measure of basic motor function (36) , was similarly deficient in CBE-treated PrP-A53T-SNCA mice ( Fig. 2E ; PrP-A53T-SNCA saline score: 3.2 6 0.2, PrP-A53T-SNCA CBE score: 1.8 6 0.5; p < 0.05). Overall, the CBE-induced impairment in the performance of PrP-A53T-SNCA mice in the pole, nest-building and hind-limb splay tests indicates a relationship between reduced glucocerebrosidase activity and the development of fine motor deficits.
We also examined the effects of glucocerebrosidase activity on the gross motor function of the mice using the rotarod test. The performance of WT mice that had been treated with CBE for 9 weeks on the rotarod test was indistinguishable from the performance of mice in the saline control group (Fig. 2F) . PrP-A53T-SNCA mice typically develop an overt motor phenotype starting at 8 months of age (31) . However, at a younger age, this mouse model exhibited improved motor performance on the rotarod test ( Fig. 2F ; WT saline: 167 6 17 s, PrP-A53T-SNCA saline: 251 6 17 s; p < 0.05); this is similar to previous reports of 2-and 6-month-old mice (31, 35) . CBE-induced inhibition of glucocerebrosidase activity had no effect on the latency of PrP-A53T-SNCA mice to fall from the rod ( Fig. 2F ; PrP-A53T-SNCA saline: 251 6 17 s, PrP-A53T-SNCA CBE: 258 6 14 s; p > 0.05), suggesting that partial enzyme inhibition at this early time point did not affect this motor behavior.
Next, we evaluated the effect of glucocerebrosidase inhibition on cognition using a cued and contextual fear-conditioning paradigm. Animals treated for 10 weeks with CBE or saline were first exposed to a conditioned (tone) stimulus followed by an unconditioned (shock) stimulus. After 24 h, context-specific and tone-related freezing behaviors were measured consecutively (see Materials and Methods section). The contextual memory assessment showed no differences between saline-treated WT and PrP-A53T-SNCA mice (Fig. 2G) . Remarkably, glucocerebrosidase inhibition significantly worsened the performance of PrP-A53T-SNCA mice in the contextual memory task ( Fig. 2G ; PrP-A53T-SNCA saline: 39 6 6% freezing, PrP-A53T-SNCA CBE: 20 6 6% freezing; p < 0.05). This observation confirmed the importance of glucocerebrosidase activity in hippocampal memory as suggested previously in a Gaucher-related synucleinopathy mouse model (26) . On the other hand, the cued memory task was significantly reduced in saline-treated PrP-A53T-SNCA mice compared with control WT mice ( Fig. 2H ; WT saline: 34 6 4 s, PrP-A53T-SNCA saline: 14 6 3 s; p < 0.05), and this task was not further affected by CBE inhibition. These data suggest the presence of a previously unrecognized amygdaladependent memory deficit in this transgenic model and indicate that the level of glucocerebrosidase inhibition attained in these studies was not sufficient to affect the cued memory deficits. Importantly, none of the deficits observed in saline or CBEinjected mice were related to a loss of ambulatory activity or an increase in anxiety, a judgment based on similar performance to control mice in an open-field test ( Fig. 2I and J) . Taken together, these results suggest that a reduction in glucocerebrosidase activity contributes to the pathophysiology of GBA1-related synucleinopathies and plays a role in the development of specific motor and cognitive deficits.
Lowering glucocerebrosidase activity further exacerbates transcriptional aberrations in PrP-A53T-SNCA animals
To gain further insights into the molecular mechanisms underlying the increase in behavioral dysfunction associated with decreased glucocerebrosidase activity in PrP-A53T-SNCA mice, we compared the gene expression profiles in the striata of WT and PrP-A53T-SNCA mice treated with CBE or vehicle. We focused our assessment on genes that have been associated with the development of Gaucher disease, such as genes implicated in the metabolism of glucosylceramide as well as inflammation-and RIPK-mediated responses (Table 1) (27, 37) . We also analyzed genes that are associated with neuronal function, the dopaminergic pathway, synaptic transmission, calcium-dependent responses and the synaptic vesicle fusion complex SNARE (38) (39) (40) .
Analysis of the transcripts of 4-month-old WT and PrP-A53T-SNCA mice (Table 1) showed that expression of their striatal genes was not significantly different at this age. However, partial inhibition of glucocerebrosidase activity with CBE elicited some changes in their transcriptional profiles. Transcripts that were particularly affected by glucocerebrosidase inhibition in both WT and PrP-A53T-SNCA animals included genes in the dopaminergic, synaptic and SNARE group (i.e., Bdnf, Stx1a, Syt7, Syn1 and Syp) as well as Ripk3. The number of altered transcripts and their levels were greater in mice overexpressing mutant asynuclein, including transcripts involved in calcium-dependent responses and astrocyte activation (i.e. Calb2, Camk1, Ryr3, Ppp1r1b, Npy and Gfap; Table 1 ). Notably, genes involved in the metabolism of glucosylceramide were not modified by partial inhibition of glucocerebrosidase (i.e. Gba1, Gba2, Psap, Scarb2, Tfeb, Ugcg). Taken together, these results suggest a role for glucocerebrosidase in normal neuronal function and indicate that SNCA mice displayed significantly longer turn and descent latencies than any of the other cohorts (A-B, red hatched bar, p < 0.05). CBE treatment also worsened the nest-building scores of PrP-A53T-SNCA mice (C, red hatched bar, p < 0.05). This result was corroborated by the finding of large amounts of unused nestlet material with this group of animals (D, red hatched bar, p < 0.05). CBE treatment caused a hind-limb splay deficit in PrP-A53T-SNCA mice (E, red hatched bar, p < 0.05). PrP-A53T-SNCA mice displayed improved rotarod latencies compared with WT controls (F, white versus red bars, p < 0.01). The ability of either WT or PrP-A53T-SNCA mice to remain on the rotating rod was unaffected by CBE-mediated inhibition of glucocerebrosidase (F, hatched bars, p > 0.05). The cognitive status of WT and PrP-A53T-SNCA mice was evaluated by monitoring their conditioned fear responses. PrP-A53T-SNCA mice showed no contextual memory deficits at 4 months of age when compared with age-matched WT mice. However, their hippocampal memory was affected upon treatment with CBE (G, red hatched bar, p < 0.05), suggesting an association between hydrolase activity and hippocampal memory. PrP-A53T-SNCA mice displayed impaired cued memory responses at 4 months of age that were not further exacerbated by glucocerebrosidase inhibition (H). In open-field tests, there were no differences in ambulation or time spent in the center between PrP-A53T-SNCA and age-matched WT controls (I, J). All data are presented as the mean 6 SEM. Bars with different letters are significantly different from each other (p < 0.05). 
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Mice were injected with saline or CBE (100 mg/kg, three times per week, 10 weeks), and total striatal mRNA expression was assessed by qRT-PCR as described in the Materials and Methods section. The expression of these striatal genes was not significantly affected by genotype in 4-month-old saline-treated animals. CBE-mediated glucocerebrosidase inhibition elicited some specific transcriptional responses. Some genes were particularly affected by glucocerebrosidase inhibition in both genotypes, including dopaminergic genes, synaptic genes, SNARE-associated genes and Ripk3. a reduction of its activity could lead to enhancement of the deleterious effects of a-synuclein accumulation.
Administration of AAV1-GBA1 into the striatum of female Thy1-SNCA mice increases glucocerebrosidase activity and reduces a-synuclein pathology
We previously demonstrated that augmenting glucocerebrosidase activity in the CNS can reduce a-synuclein levels and correct the behavioral impairments observed in a mouse model of Gaucher disease (26, 30) . Overexpression of glucocerebrosidase in the CNS of the PrP-A53T-SNCA mice reduced soluble a-synuclein levels but did not affect their motor or survival endpoints, presumably because of the severity of the disease in this animal model (30) . Here, we sought to determine if reconstituting the CNS with recombinant glucocerebrosidase could ameliorate the functional and pathological aberrations in a mouse model of milder synucleinopathy. Thy1-SNCA transgenic mice express lower levels of a-synuclein than PrP-A53T-SNCA mice and do not show evidence of motor neuron degeneration (41) . For our studies, we elected to use only female Thy1-SNCA mice, as they express a lower level of a-synuclein than their male littermates (41, 42) . A recombinant adeno-associated viral vector (serotype 1) encoding human glucocerebrosidase (AAV1-GBA1) was administered bilaterally into the striatum of 2-month-old Thy1-SNCA transgenic females. A control group received an empty AAV vector lacking a transgene (AAV1-EV). Immunohistochemical examination of the CNS of Thy1-SNCA mice at 7 months post-treatment revealed abundant and widespread staining of human glucocerebrosidase (Fig. 3A) . Measurement of glucocerebrosidase activity showed highly elevated levels of the enzyme ($6-fold higher than controls) within the striatum following administration of AAV1-GBA1 ( Fig. 3B ; Thy1-SNCA AAV1-GBA1: 112 6 18 ng/h/mg of protein, p < 0.05 versus Thy1-SNCA AAV1-EV).
Brains from PD patients with no mutations in GBA1 can exhibit decreased glucocerebrosidase activity (32), presumably due to accumulation of a-synuclein (43, 44) . To explore this phenomenon further, we measured glucocerebrosidase levels in the CNS of mice accumulating progressively higher levels of asynuclein. Glucocerebrosidase activity in the brains of Thy1-SNCA mice was not different from age-matched WT controls ( Fig. 3B ; WT: 18 6 2 ng/h/mg of protein; Thy1-SNCA AAV1-EV: 19 6 2 ng/h/mg of protein). This finding is consistent with a previous report showing that the glucocerebrosidase activity of mice showing a modest increase (<2-fold) in a-synuclein levels is not affected (29) . In contrast, brains from PrP-SNCA mice, which showed higher levels of a-synuclein (45), had decreased levels of glucocerebrosidase (Fig. 1A) , suggesting that high levels of a-synuclein can modulate glucocerebrosidase activity. Hence, there is a correlation between higher a-synuclein levels and reduced glucocerebrosidase activity in the CNS.
Accumulation of intraneuronal a-synuclein inclusions is a hallmark of PD (46) . Thy1-SNCA mice exhibit progressive and marked accumulation of proteinase K-resistant a-synuclein aggregates in the CNS (41) . Immunohistochemical analysis of the striata of AAV1-GBA1-and AAV1-EV-treated Thy1-SNCA mice at 7 months post-injection showed that increasing glucocerebrosidase activity significantly reduced the levels of total human asynuclein (Fig. 3C and D, 28% reduction in AAV1-GBA1-injected mice compared with the control group). Increased glucocerebrosidase activity in the striatum of Thy1-SNCA mice also resulted in a reduction in the proteinase K-resistant fraction of a-synuclein aggregates (Fig. 3E and F, 40% reduction in AAV1-GBA1-injected mice compared with the control group). These results are in agreement with our previous findings in a Gaucher-associated mouse model of synucleinopathy (and support the contention that augmenting glucocerebrosidase activity can restore a-synuclein homeostasis and the pathological deposition of a-synuclein in animals carrying WT Gba1 alleles).
Administration of AAV1-GBA1 into the striatum prevents hyperactivity in Thy1-SNCA female mice
The locomotor activity of Thy1-SNCA mice was evaluated at 6 and 9 months of age (i.e. 4 and 7 months post-surgery) using the open field exploration test. Female Thy1-SNCA mice presented with hyperactivity, increased risk behavior and more investigational rearing activity compared with WT animals. This early phenotype is hypothesized to be due to dysregulation of the striatal dopaminergic system (42, 47, 48) . Treatment of Thy1-SNCA mice with AAV1-GBA1 prevented the development of hyperactivity and impulsive behavior at both the 6-and 9-month time points as measured by the total distance traveled and time spent in the center of the open field ( Fig. 4A-D) . The AAV1-GBA1-mediated increase in glucocerebrosidase activity in the CNS also reduced the number of vertical investigations at the later time point ( Fig. 4E and F; 9-month time point: WT: 135 6 13 rears; Thy1-SNCA AAV1-EV: 201 6 17 rears, p < 0.05 versus WT; Thy1-SNCA AAV1-GBA1 162 6 16 rears, p > 0.05 versus WT). Taken together, these data indicate that augmenting glucocerebrosidase in the striatum of female Thy1-SNCA mice could confer a protective benefit against the development of functional deficits.
The ability of higher striatal levels of glucocerebrosidase to ameliorate the nest-building and olfactory deficits in Thy1-SNCA mice was also evaluated. Thy1-SNCA female mice exhibited these aberrant behaviors beginning at nine months of age ( Fig. 4G and H ; nest-building score: WT: 4.5 6 0.2; Thy1-SNCA AAV1-EV: 3.4 6 0.3, p < 0.05; time to find a buried pellet: WT: 99 6 12 s; Thy1-SNCA AAV1-EV: 143 6 21 s, p < 0.05). Treatment of Thy1-SNCA animals with AAV1-GBA1 did not modify their nest-building score or time to find a buried pellet compared with the AAV1-EV-treated control group ( Fig. 4G and H ; nestbuilding score: Thy1-SNCA AAV1-GBA1: 3.2 6 0.3; time to find a buried pellet: Thy1-SNCA AAV1-GBA1: 158 6 27 s). These results indicated that widespread expression of the glycosidase throughout the CNS might be necessary to correct non-striatal deficits.
Administration of AAV1-GBA1 into the striatum prevents dopaminergic deficits in Thy1-SNCA mice PD is characterized by progressive degeneration of the dopaminergic terminals, which precedes the neuronal cell loss (49) . This feature is recapitulated in the Thy1-SNCA mouse model, which reveals a progressive process of terminal loss without decline in the number of tyrosine hydroxylase (TH)-positive dopaminergic neurons in the substantia nigra (41, 42) . We sought to evaluate whether striatal glucocerebrosidase augmentation through AAV-mediated gene transfer could protect the dopaminergic terminal degeneration in Thy1-SNCA mice. The dopaminergic system was evaluated by immunohistochemical staining for the dopamine active transporter (DAT) and TH. Transport of dopamine mediated by DAT is the primary mechanism by which dopamine is cleared from synapses (50) . TH catalyzes the Figure 3 . Administration of AAV1-GBA1 into the striatum of Thy1-SNCA transgenic mice reduces the levels of a-synuclein in the CNS. Two-month-old female Thy1-SNCA mice were subjected to bilateral striatal injections of 1.8e10 gc/site of either AAV1-EV (n ¼ 16, white columns) or AAV1-GBA1 (n ¼ 16, green columns). Uninjected, age-matched WT mice (WT; n ¼ 16, black columns) were used as healthy controls. Tissues were collected for biochemical and pathological analysis at 7 months postinjection. Immunostaining for glucocerebrosidase showed robust striatal expression in AAV1-GBA1-injected Thy1-SNCA mice. Mice treated with a control virus (AAV1-EV) showed a low level of staining in the CNS that was similar in intensity to that in untreated WT mice. Representative pictures are shown in (A). Robust glucocerebrosidase activity was observed in AAV1-GBA1-injected striata (B, 6-fold greater than the AAV1-EV controls, n ¼ 8 per group, p < 0.05). Increased glucocerebrosidase activity in the CNS of Thy1-SNCA mice reduced the levels of total and proteinase K-resistant a-synuclein levels. Representative photomicrographs of brain sections from the striata of WT and Thy1-SNCA mice immunostained with an anti-a-synuclein antibody without (C) and with (E) proteinase K pretreatment. Quantification of the a-synuclein signal indicated a significant reduction in total and proteinase K-resistant a-synuclein in the AAV1-GBA1 treated group. rate-limiting step in the synthesis of catecholamines, including dopamine (51) . Morphometric analysis of the brain tissues of female Thy1-SNCA mice at 7 months post-injection with the control AAV1-EV vector revealed a significant reduction in the DAT signal ( Fig. 5A and B ; WT: 301 6 10 COD; Thy1-SNCA AAV1-EV: 203 6 10 COD; p < 0.05). Thy1-SNCA mice administered AAV1-GBA1 (at 2 months of age) showed no reduction in striatal DAT immunoreactivity ( Fig. 5A and B ; Thy1-SNCA AAV1-GBA1: 283 6 8 COD, p < 0.05 versus Thy1-SNCA AAV1-EV). Similar results were observed for the catecholamine synthetic enzyme; Thy1-SNCA animals treated with control AAV1-EV but not AAV1-GBA1 displayed a significant decrease in TH optical density ( Fig. 5A and C ; WT: 291 6 8 COD; Thy1-SNCA AAV1-EV: 202 6 10 COD, p < 0.05; Thy1-SNCA AAV1-GBA1: 270 6 10 COD, p > 0.05).
To confirm the salutary effects of increased glucocerebrosidase activity in the striatum of Thy1-SNCA mice, we measured the mRNA levels of several dopaminergic and neuronal targets using the same target genes described in Table 1 . Quantitative RT-PCR analyses showed that only two of these transcripts were significantly altered in Thy1-SNCA controls compared with WT controls (i.e. dopamine receptor D2 and DAT). Importantly, the levels of these two transcripts were normalized in Thy1-SNCA mice injected with AAV1-GBA1 (Drd2: Thy1-SNCA AAV1-EV: 1.30 6 0.09, p < 0.05 versus WT; Thy1-SNCA AAV1-GBA1: 1.14 6 0.22, p > 0.05 versus WT; Slc6a3: Thy1-SNCA AAV1-EV: 1.67 6 0.12, p < 0.05 versus WT; Thy1-SNCA AAV1-GBA1: 1.02 6 0.12, p > 0.05 versus WT), confirming the protective effect of glucocerebrosidase on dopaminergic terminals. Taken together, these results indicate that augmenting the levels of glucocerebrosidase in the CNS of Thy1-SNCA mice could prevent age-dependent dopaminergic deficits.
Discussion
Following the initial discovery that mutations in GBA1 are a risk factor for developing PD and DLB (2,52), findings from several independent studies have supported a direct role for glucocerebrosidase in the pathogenesis of these devastating diseases (4, 16) . For example, a decrease in glucocerebrosidase activity Figure 5 . Administration of AAV1-GBA1 into the striatum of Thy1-SNCA mice prevents loss of dopaminergic markers. Female Thy1-SNCA mice were subjected to bilateral striatal injections of either AAV1-EV (n ¼ 16, white columns) or AAV1-GBA1 (n ¼ 16, green columns) at 2 months of age, as outlined in the legend of and/or the presence of a mutant enzyme can purportedly induce an increase in CNS a-synuclein/ubiquitin aggregates (24) (25) (26) 29, 43, 53, 54) . Conversely, increasing glucocerebrosidase levels in the CNS can abate the pathological accumulation of a-synuclein in the hippocampus of mouse models of Gaucherrelated synucleinopathy (26, 30) . Notably, PD patients without GBA1 mutations can exhibit lower levels of glucocerebrosidase enzyme in blood and CNS, further implicating this lysosomal enzyme in the pathogenesis of PD (32, 55) . This observation suggests that glucocerebrosidase activity (regardless of the presence of a mutant protein) may play a significant role in the disease. Here, we further investigated the potential role of glucocerebrosidase activity in modulating disease progression in two mouse models of synucleinopathy that harbored wildtype Gba1 alleles. This study supports a role for glucocerebrosidase activity in a-synuclein processing that is independent of mutations in GBA1. We showed that a reduction in this hydrolase activity led to the development of motor and nonmotor morbidities. Increasing the enzymatic activity attenuated and delayed disease progression. Collectively, these data indicate that glucocerebrosidase augmentation in the CNS may be a potential therapeutic approach for diseases associated with a-synuclein misprocessing such as PD and DLB.
Genetic variations in GBA1 are emerging as a significant feature impacting the natural history of PD. Patients who harbor GBA1 mutations present a higher prevalence and severity of bradykinesia, motor complications, cognitive decline and anxiety (6, 11, 15) . This study demonstrated that a partial reduction in glucocerebrosidase activity recapitulated the negative impact of GBA1 mutations on specific behaviors. Exposure of the A53T-a-synuclein mouse model of synucleinopathy to a brainpenetrant inhibitor of glucocerebrosidase (CBE) exacerbated the animals' fine motor deficits and decreased their hippocampal memory function. These behavioral abnormalities were correlated with an increase in the accumulation of a-synuclein and glucosylsphingosine in the CNS. A similar increase in both a-synuclein and lipids has been reported in brain tissues and iPSC-derived neurons from PD patients carrying heterozygous GBA1 mutations (33, 56) . Decreased glucocerebrosidase activity in Gaucher models cause changes the glycosphingolipid membrane composition of lysosomes and associated organelles. This accumulation can affect membrane trafficking along the endocytic pathway as well as the lysosomal degradative function (57) (58) (59) . Importantly, even small changes in the lipid membrane composition can affect a-synuclein homeostasis and trigger the formation of pathological amyloid fibrils (60, 61) , hence interfering with a-synuclein normal functions in vesicle trafficking and synaptic plasticity of neurons. At face value, these results would suggest that the aberrant accumulation of lipids and a-synuclein are downstream effects of PD and that strategies to reduce the accumulation of these entities may be therapeutic. Here, we showed that enzyme augmentation therapy represents one such approach, but strategies that reduce the production of these entities should also be considered.
Pharmacological inhibition of glucocerebrosidase activity per se was not sufficient to affect certain behaviors in PrP-A53T-SNCA mice (e.g. rotarod and ambulatory ability). Correspondingly, a recent study showed that a double transgenic mouse expressing the L444P variant of Gba1 and four copies of human a-synuclein presented rotarod deficits only after 14 months of age (29) . Hence, it is possible that prolonged inhibition of the enzymatic activity may be required to impact specific circuits.
A battery of transcripts associated with glucocerebroside metabolism or with normal neuronal function were examined in the striatum of WT and PrP-A53T-SNCA transgenic mice following treatment with saline or CBE. Partial inhibition of glucocerebrosidase activity in WT animals promoted mild dysregulation of specific genes involved in synaptic transmission and vesicle trafficking (e.g. Bdnf, Stx1a, Syt7, Syn1 and Syp). The CBE-mediated dysregulation was markedly exacerbated in mice overexpressing a-synuclein and included genes involved in calcium-regulated responses and astroglial inflammation (e.g. Calb2, Camk1, Ryr3, Ppp1r1b, Npy and Gfap). This synergistic deleterious effects of inhibiting glucocerebrosidase in the context of high levels of a-synuclein provide further support for the previously suggested pathogenic feedback loop between glucocerebrosidase and a-synuclein (43). The results indicated that decreasing glucocerebrosidase activity could further compromise specific neuronal functions, which may contribute to the earlier and greater impairments in neuronal function, as noted in PD patients carrying GBA1 mutations (6, 11, 15, 62) . Cognitive impairment occurs more frequently in Gaucher disease patients and carriers than in controls (9,10). Brain-derived neurotrophic factor (BDNF) is an activity-dependent secreted protein that has a critical role in the organization of neuronal networks and synaptic plasticity (63) . The BDNF mRNA level was reduced by glucocerebrosidase inhibition and was further decreased in the a-synuclein transgenic animals treated with CBE. Interestingly, these mice displayed the lowest performance on the contextual memory test. A recent study showed that treatment of Gaucher patients with recombinant glucocerebrosidase increased serum BDNF levels (64) . However, as the recombinant enzyme does not transverse the blood-brain barrier, the mechanisms and clinical relevance of these findings still need to be addressed.
Modulation of the glucocerebrosidase metabolic pathway as a therapeutic strategy for synucleinopathies has been partially validated through human genetics and preclinical studies (16) . Our previous studies demonstrated that AAV-mediated expression of glucocerebrosidase in the CNS of mice with both preand post-symptomatic Gaucher disease was efficacious at reducing a-synuclein accumulation and reversing the associated cognitive impairment (26) . The present report extends this observation to include murine models of synucleinopathies that harbor WT alleles of Gba1 (e.g. Thy1-SNCA transgenic mice). Reconstituting the CNS with exogenous enzyme was associated with a measurable reduction in the accumulation of a-synuclein aggregates. Augmenting glucocerebrosidase activity in the striata of Thy1-SNCA mice prevented the development of dopaminergic aberrations, as evidenced by normalization of the protein and mRNA profiles and improvements in the behavioral function of the mice. Hence, increasing glucocerebrosidase activity in the CNS of this mouse model of PD restored the cellular capacity to degrade a-synuclein and prevented the development of a-synuclein-dependent deficits (65, 66) . Augmenting glucocerebrosidase activity in the CNS via administration of the recombinant enzyme, gene transfer vectors expressing the lysosomal enzyme, or small-molecule activators of hydrolase may represent potential strategies to slow disease progression in PD patients.
In summary, this study demonstrated that glucocerebrosidase activity has a role in modulating a-synuclein homeostasis and PD-associated behaviors. Collectively, our results provide in vivo evidence that augmenting glucocerebrosidase activity in the CNS is a potential disease-modifying strategy for patients with PD, regardless of the mutation status of GBA1.
Materials and Methods
Animals
The Institutional Animal Care and Use Committees at Genzyme, a Sanofi Company, and the University of California, San Diego, approved all procedures. The PrP-A53T-SNCA transgenic mice were engineered to express mutant human A53T a-synuclein (line M83) under the transcriptional control of the murine PrP promoter (31) . The Thy1-SNCA transgenic mice express WT human a-synuclein (line 61) under the transcriptional control of the murine Thy1 promoter (41) .
Partial inhibition of glucocerebrosidase activity in WT and PrP-A53T-SNCA mice using CBE A partial reduction in CNS glucocerebrosidase activity in WT and PrP-A53T-SNCA mice (animals with WT alleles of Gba1) was achieved by intraperitoneal administration of a covalent inhibitor of the enzyme, CBE (100 mg/kg, ip, 3 times per week for 10 weeks). Daily administration of CBE has been reported to result in a murine model that mimics the enzyme deficiency in Gaucher patients (67) . Preliminary studies indicated that an administration interval of 48-72 h was optimal to achieve a residual brain glucocerebrosidase activity close to 50%. Single administration of CBE (100 mg/kg, ip) in WT mice resulted in a CNS residual activity of 28 6 3% after 24 h; 42 6 2% after 48 h; and 57 6 3% after 72 h (n ¼ 4/group). Consistently, administration of two successive injections of the irreversible inhibitor at corresponding intervals resulted in equivalent reductions (CNS residual activity: 31 6 3% after 24/24 h; and 42 6 1% after 48/ 48 h). Therefore, in order to achieve a partial reduction in CNS glucocerebrosidase activity a three times per week dosage was adopted.
Animals were randomized into two groups and were administered either vehicle or CBE over the trial period. Several assays for motor function and cognition were then performed on the animals starting at 8 weeks post-treatment. All tissues were collected $3 h after the last CBE injection; therefore the reported hydrolase activities and lipid quantifications represent the higher levels of pharmacological inhibition achieved.
Behavioral tests
Pole test
The pole test was used to assess basal ganglia-related movement disorders in mice (68, 69) . In brief, animals were placed facing upwards on top of a vertical wooden pole. The time required for the animals to orient themselves into the downward position and to descend the length of the pole was recorded (68, 69) .
Nest-building test
Orofacial shredding to build nests was used to assess nigrostriatal sensorimotor function in the mice (69) . This behavior requires the use of orofacial and forelimb movements, as the animals pull the nesting material apart with their forelimbs and teeth and subsequently break down the material in their mouths and incorporate it into their bedding. In brief, a 3-g nestlet (Pharmaserv, Framingham, MA) was placed into the feeder of the cage of individually housed mice. Pulling the cotton from the feeder requires the mice to rear up and to exercise complex fine motor skills. Nest-building scores were assessed, and the amount of unused nestlet material was measured after 16 h as an indicator of the nigrostriatal sensorimotor function of the mice (34) .
Rotarod test
The balance and motor coordination of mice were tested by accelerating rotarod as previously described (70) . In brief, the mice were placed on the rotarod (Ugo Basile, Italy), which accelerated from 0 to 60 rpm over 300 s. The latency to fall was recorded over three trials.
Fear conditioning test
Cued and contextual fear memories were assessed by measuring the freezing responses using the Near-Infrared Fear Conditioning System (Med Associates, VT) as previously described (26) . In brief, the mice were trained with a three-trial delay-cued protocol. After a 24-h retention period, freezing time (defined as the lack of movement, except for respiration) was recorded when the mice were exposed to the contextual environment presented during the training period. After 1 h, the mice were placed back into the chamber in a novel context to assess their freezing responses to the acoustic cue.
Open-field exploration test
The animals' locomotor and exploratory activities were determined using the Open Field Activity System (Med Associates, VT). Total distance traveled and time spent in the center quadrant of the cage were measured to assess motor activity and anxiety-related behavior (26) .
Fractionation and quantification of a-synuclein levels
The striata of PrP-A53T-SNCA mice were homogenized as previously described to generate three fractions of a-synuclein: cytosolic (Tris-soluble), membrane-associated (Triton-X100-soluble) and insoluble (SDS-soluble). The concentration of human a-synuclein in the different fractions was quantified by sandwich ELISA (Invitrogen, Carlsbad, CA). The protein concentration was determined by the microBCA assay (Pierce, Rockford, IL).
Generation of recombinant AAV vectors
Recombinant self-complementary AAV2/1-GusB-hGBA1 (AAV1-GBA1) and scAAV2/1-GusB-empty (AAV1-EV) vectors were prepared by triple transfection and purified by ion-exchange chromatography as previously described (26) . The titers of the resulting vector preparations were 8e12 gc/ml for AAV1-EV and 7e12 gc/ml for AAV1-GBA1. The viral vectors were injected bilaterally into the striatum of 2-month-old female Thy1-SNCA transgenic mice (n ¼ 16 per group, 2.5 ll/site, coordinates A/ P þ0.50, M/L 6 2.00, D/V À2.50).
Measurement of glucocerebrosidase and hexosaminidase activities and glycosphingolipid levels
Brain glucocerebrosidase and hexosaminidase activities were determined using the artificial substrates 4-methylumbelliferyl (4-MU)-b-D-glucoside or 4-MU-N-acetyl-b-D-glucosaminide as previously described (26) . Tissue glucosylceramide C18:0 (GlcCer) and glucosylsphingosine (GlcSph) levels were measured by mass spectrometry as previously described (26) .
Immunocytochemical and neuropathological analysis
Immunohistochemical staining for a-synuclein, glucocerebrosidase, DAT and TH was performed in serially sectioned, freefloating vibratome sections. The sections were incubated overnight at 4 C with a polyclonal antibody against total a-synuclein (1:500, affinity-purified rabbit polyclonal antibody; Millipore) (71), glucocerebrosidase (mouse monoclonal antibody; Abnova, Walnut, CA), TH (mouse monoclonal antibody; Millipore, Billerica, MA) or DAT (mouse monoclonal antibody; Millipore, Billerica, MA) followed by a secondary biotinylated antibody (1:100, Vector Laboratories, Inc., Burlingame, CA) and Avidin D-HRP (1:200, ABC Elite, Vector). Detection was performed with 3,3 0 -diaminobenzidine (72) . A subset of sections that were immunostained with the a-synuclein antibody was subjected to proteinase K pre-treatment (8 min, 10 mg/ ml). All sections were processed simultaneously using the same conditions. Immunostained slides were analyzed with a digital Olympus bright field digital microscope (BX41). For each animal, a total of three sections (four digital images per section at 400Â magnification) were obtained from the striatum and analyzed as previously described with the ImageJ program (NIH) (71) .
Quantitative real-time PCR (TaqMan) analysis
In brief, striatal mRNA was extracted using the RNeasy mini kit (Qiagen, Valencia, CA) and then reverse transcribed and amplified with the TaqMan One-Step RT-PCR master mix kit (Life Technologies, CA) according to the manufacturer's instructions. The relative mRNA levels of the target genes were determined by quantitative real-time PCR using a microfluidic card TaqMan V R Low Density Array (TLDA) on an ABI Prism 7500 (Life Technologies, CA). The expression levels were normalized using DataAssist v2.0 Software (Life Technologies, CA). The endogenous controls used for analysis were b-actin, GAPDH, hypoxanthine-guanine phosphoribosyltransferase-1 (Hprt1) and mouse 18S mRNAs.
Statistical analysis
Statistical analyses were performed by Student's t-test or analysis of variance (ANOVA) followed by the Newman-Keuls post hoc test. All statistical analyses were performed with GraphPad Prism v4.0 (GraphPad Software, San Diego, CA). Values of p < 0.05 were considered significant.
